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Abstract.-The luminescenceofundoped GD a-Si d i s p l a y s a t s h o r t times an exponential decay. I n t h i s a r t i c l e , we show t h a t t h e eecay time c o n s t a n t dec r e a s e s with i n c r e a s i n g e x c i t a t i o n d e n s i t y . The power law-decay a t longer times i s a l s o , b u t only weakly changed by i n c r e a s e d e x c i t a t i o n d e n s i t y . Doping, however, has a pronounced and remarkable e f f e c t i n t h i s time domain which i s e x p l a i n e l with t h e e x i s t e n c e of c?efect s t a t e s induced by t h e doping.
Introduction.-Time resolved photoluminescencehasbeen observed i n t h e p a s t by seve-
I n t h i s c o n t r i b u t i o n we consider e x c i t a t i o n d e n s i t y e f f e c t s a s well a s t h e dependence o f t h e decay behaviour on n-type doping. W e use glow d i scharge a-Si samples c o n t a i n i n g about 5% hydrogen. The d e p o s i t i o n temperature i s gener a l l y 550K. I n t h e s e measurements, t h e samples were immersed i n l i q u i d n i t r o g e n and e x c i t e d by a pulsed, n i t r o g e n pumped dye l a s e r (Sopra, type G03A) s e t a t an energyof 2.16 eV. A s mentioned i n our e a r l i e r p u b l i c a t i o n s [1: [2] we observe a t zero d e l a y a luminescence spectrum containing a f a s t decaying peak a t 1.45 eV and a slow decaying peak a t 1.35 eV. The f a c t t h a t o t h e r a u t h o r s [3] [4] do not observe t h e f a s t decaying peak i s ?robably r e l a t e d t o d i f f e r e n c e s i n t h e time r e s o l u t i o n , s i n c e a l r e a d y a f t e r 1 0 n s delay t h e i n t e n s i t y of t h e f a s t decaying peak i s reduced d r a s t i c a l l y . I n our measurements we use a s d e t e c t i n g e l e c t r o n i c s a P h i l i p s P M 3400 sampling o s c i l l o s c o p e with 200 p s r i s e time. A d e t a i l e d a n a l y s i s of t h e s i g n a l which i s l i m i t e d i n resolut i o n by t h e dye-laser p u l s e shape and t h e response o f t h e p h o t o m u l t i p l i e r , shows t h a t down t o a delay of 1 t o 2 ns from t h e luminescence maximum we observe t h e t r u e luminescence decay of t h e sample. For a l l decay measurements, t h e luminescence has been d e t e c t e d a t 1 . 3 eV, which i s 0.05 eV below t h e slow decaying maximum t o reduce i n t e r f e r e n c e w i t h t h e f a s t decaying peak. Fig. 1 f o r a n-type doped sample. T h i s decay i s b a s ic a l l y t h e same a s r e p o r t e d e a r l i e r [1] [21 [5] f o r undoped samples. Since t h e samples were immersed i n l i q u i d n i t r o g e n , we expect h e a t i n g e f f e c t s t o be low. I n f a c t , t h e r e s u l t s o f our e x p e r i n e n t s , although performed a t 77K, correspond t o t h e low temper a t u r e l i m i t defined i n E5J. For t h e change of t h e luminescence decay with increas i n g temperature t h e theory of Ref. [5] i s a p p l i c a b l e . I n Fig. 2 we show t h e change of t h e exponential decay time constant with e x c i t a t i o n d e n s i t y f o r an undoped sample a s compared with t h e luminescence response a t zero delay. Even i n t h e range of l i n e a r response, one observes a s t r o n g i n c r e a s e of t h e time c o n s t a n t with decreasing e x c i t a t i o n . W e do not c o n s i d e r t h e nonlinear response region s i n c e s a m p l e , h e a t i n g i n t h i s range cannot be excluded. The a b s o l u t e e x c i t a t i o n d e n s i t y s c a l e i s b e l i e v e d t o be c o r r e c t t o within a f a c t o r of two. The values seem t o be i n reasonable agreement with t h e o b s e r v a t i o n s of Shah e t a l . f 4 1 . With t h e a u t h o r s of Ref. 4 , we assume an i n i t i a l c a r r i e r c o n c e n t r a t i o n no of about 1 0~* c m -~ f o r an e x c i t a t i o n d e n s i t y of 3 p~/cm2. I n t h e range o f l i n e a r response, (no depends l i n e a r l y on t h e e x c i t a t i o n d e n s i t y ) ~~f f can be decomposed t o y i e l d
Excitaeion d e n s i t y e f f e c t s . -W e f i r s t consider t h e exponential decay a t s h o r t times a s displayed i n t h e i n s e r t of
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:19814117 Time c o n s t a n t o f t h e Sample. The i n s e r t shows t h e f i r s t exponential def i r s t exponential decay o f cay i n a semilogarithmic p l o t .
t h e pure a-Si sample a s a f u n c t i o n of e x c i t a t i o n densit y . Lower h a l f : photoluminescence response w i t h t h e same e x c i t a t i o n s c a l e .
An exponential decay w i t h a time c o n s t a n t given by Eq. (1) follows from t h e r a t e equation f o r t h e c a r r i e r c o n c e n t r a t i o n n T h i s can be seen when t h e s o l u t i o n i s expanded f o r t < T which corresponds w e l l
t o t h e region o f v a l i d i t y o f Eq. (1) a s found experimentally. Thus o u r experiments suggest a r a t e equation f o r t h e f a s t decay a s given i n Eq. ( 2 ) . W e propose t h a t . I be i n t e r p r e t e d a s t h e i n t r i n s i c (Onsager t y p e ) r a d i a t i v e recombination l i f e time of t h e electron-hole p a i r s c r e a t e d by t h e e x c i t a t i o n . Using t h e arguments of Sinha and Didomenico [6] f o r a g e n e r i c a l l y r e l a t e d problem t h e term an2 i n Eq. ( 2 ) might be i n t e r p r e t e d a s a non r a d i a t i v e
Auger-effect, however, o t h e r i n t e r p r e t a t i o n s cannot be r u l e d out. Based on d i f f e r e n t arguments S t r e e t [ 7 j has r e c e n t l y a l s o proposed an Auger-effect f o r a-Si.
Furthermore, independent of t h i s i n t e r p r e t a t i o n o u r d a t a allows u s t o reduce t h e e x c i t a t i o n energy dependence of t h e f a s t exponential decay r e p o r t e d e a r l i e r [81[2], t o a n e x c i t a t i o n d e n s i t y e f f e c t w i t h t h e known energy dependent a b s o r p t i o n c o e f f i c i e n t . I n f a c t , i f so reduced, t h e d a t a r e p o r t e d i n Ref. 8 follows e x a c t l y t h e curve o f Flg. 2. F i n a l l y , although l e s s understood, t h e powerlaw decay (t-% -dependence) a l s o shows a weak e x c i t a t i o n d e n s i t y dependence l e a d i n g t o a t-213 -behaviour i n t h e low, e x c i t a t i o n l i m i t , while t h e long delay time ( t l m 2 -behaviour) seems t o be independent of e x c i t a t i o n d e n s i t y .
E f f e c t of doping. -Fig. 3 demonstrates t h e e f f e c t of n-type doping on t h e luminescence time decay. The c h a r a c t e r i s t i c ' s h i f t of t h e slow decaying component time ?, t h e e x t r a p o l a t e d i n t e r s e c t i o n o f t h e two power-law-behaviours and p l o t i n Fig. 4 ? a s a f u n c t i o n o f t h e doping c o n c e n t r a t i o n N added t o t h e SiHq e n t e r i n g t h e glow d i s c h a r g e d e p o s i t i o n system. The dependence ? ( N ) i s compared with t h e f u n c t i o n E~( N ) which i s t h e a c t i v a t i o n energy d e s c r i b i n g t h e temperature dependence of t h e e l e c t r i c r e s i s t i v i t y I n Eq. ( 4 ) E, i s t h e mobility edge and E f ( N ) t h e Fermi energy, compare e.g. [9] . The two dependences (?(NI and E 0 ( N ) ) do n o t support an i n t e r p r e t a t i o n of t h e s h i f t a s being due t o a change i n t h e p o s i t i o n o f t h e Fermi-energy with doping. To e l u c i d a t e t h e dependence of ? ( N I on t h e Fermi energy, we have measured two compensated samples [lO] . The r e s u l t i n g ? a r e a l s o given i n Fig. 4 . T h i s d a t a shows beyond doubt t h a t t h e value of 't is independent of t h e Fermi l e v e l p o s i t i o n and depends, f o r t h e compensated samples, on t h e t o t a l dopant concentration N = ND + Ni. I t i s tempting t o assume t h a t d e f e c t s t a t e s introduced with t h e doping a r e r e s p o n s i b l e f o r t h e change i n ?. T h i s assumption i m p l i e s t h a t p and n-type doping a r e e q u a l l y e f f i c i e n t i n t h e c r e a t i o n of d e f e c t s which a r e r e s p o n s i b l e f o r t h e luminescence decay. The importance of d e f e c t s t a t e s r e l a t e d t o doping has r e c e n t l y been s t r e s s e d by S t r e e t e t al.1111.
Since we observe the same decay for an n-type sample with a donor concentration N = ND as for a compensated sample with N = ND/2 + ~~/ 2 , an explanation of the time decay as recombination via donor acceptor-pairs of varying distance seems to be ruled out.
Furthermore, Fig. 3 suggests that one could explain the quenching of cwluminescence observed for increased doping L81 by the shift of ?(N). However, systematic changes in the zero delay photoluminescence spectra indicate that this might only be part of the process; additional effects seem to contribute to the quenching in an important way.
Finally, the results presented here seem to demand a reinterpretation of the states responsible for the luminescence decay. The original idea of the unique importance of intrinsic band tail states [1] [12] should probably be changed by adding the assumption that doping creates defect states which increase the concentration of band tail states without drastically changing their energy distribution.
Since doping decreases the structural short range.order even without defect creation, one might speculate that it is the increase in disorder that one is sensitive to in these experiments.
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